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Abstract To improve the industrialization of the severe plas-
tic deformations (SPD) technology for magnesium (Mg) alloy,
a new extrusion-shear (ES) process has been explored and
widely investigated owing to its potential ability to produce
ultra-fine-grained microstructures in Mg alloys. It is crucial to
understand the effect of die design on the deformation behav-
ior, strain distribution, and load requirements during ES pro-
cess. Three-dimensional geometric models with different
channel angles (135°, 120°) in the ES dies have been de-
signed. The plastic deformation heterogeneities of ES process
with different channel angles have been analyzed from the
simulation results. The results can be summarized as follows.
The equivalent strains and loads during the whole ES process
decrease with the increase of channel angles. The decrease of
channel angle could improve the deformation inhomogeneity
of ES process. Smaller channel angles could promote the
higher cumulative strains and finer subgrains. The analysis
results show that finer and more uniform microstructures can
be obtained if channel angles in the ES dies are appropriate. It
is demonstrated that the predicted results are in good agree-
ment with experiments results and the theoretical calculations.
Numerical simulations and experiments could help to under-
stand the deformation behaviors of AZ31 Mg alloy during ES.
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1 Introduction

As the lightest structural material of engineering significance,
magnesium (Mg) alloys have attracted considerable recent
attention [1, 2]. However, the mechanical properties of Mg
alloy are still not high enough, which limits its application in
the industry. One of the promising methods for increasing
ductility and strength in Mg alloys is through microstructure
refinement. A fine-grained material is harder and stronger than
one that is coarsely grained because it has a greater total grain
boundary area to impede dislocation motion [3, 4]. Severe
plastic deformation (SPD) has provided new opportunities for
mechanical properties enhancement through grain refinement.
Gong et al. investigated the SPD using differential speed
rolling on Mg alloys: the grain refinement is achieved and
the mechanical properties of Mg alloys are greatly improved
[5, 6]. Segal et al. [1] and Matsuyama et al. [7] applied equal
channel angular extrusion (ECAE) to obtain Mg alloys with
high strength and toughness. The ECAE usually includes
more than two steps, and the material endures intricate diver-
sification of forming environments including process temper-
ature and may be oxidized. However, Matsubara et al. [8]
pointed out that ECAE could only be applied in the lab-scale
processing and preparation for nanocrystalline material; there
exist an unbridgeable gap between the experimentation and
applications of industry. Recently, Orlov et al. [9] investigated
the feasibility of SPD techniques which combine direct extru-
sion and two steps of equal channel angular pressing in a
single process, and process material with an excellent balance
of strength and tensile ductility.

In the current research, a new approach of extrusion-shear
(ES) is introduced to fabricate Mg alloys which includes two
consecutive processes: combination of initial direct extrusion
and subsequent successive shearing. The structure of ES die is
shown in Fig. 1. The ES die contains three components:
extrusion cylinder and direct extrusion zone and two
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Fig. 1 Structures of ES die

consecutive shearing zones. An oblique angle @ is located at
the intersecting cross-section channel which is called die
channel angle. ES process not only makes continuous forming
but also allows the various kinds of rods into the desired final
dimensions. The authors’ research team was engaged in the
research studies of the ES process which included initial
forward extrusion and shearing process subsequently since
2008 [10]. ES process is well suited for manufacturing long,
straight products with a constant cross section and continuous
extrusion. ES process can improve workability and strength of
Mg alloys by refining the grains.

The design of ES die has not been well known or under-
stood by the public. It is interpreted as that the technology or
the mechanism regarding the ES die design and the plastic
deformation has not been fully developed yet. In order to
understand the behavior of the plastic deformation for ES
extrusion, two types of ES dies with different channel angles
have been designed and manufactured.

Finite element method (FEM) is one of the important
approaches to understand the plastic deformation behaviors
[11-13]. FEM-based analysis has been performed to deter-
mine the deformation behaviors of materials and estimate the
strain and stress distributions [14—17]. The plastic deforma-
tion behaviors during ES process are governed mainly by the
die geometry parameters, the material itself, and the process-
ing conditions. This study is to numerically analyze the plastic
deformation behaviors of AZ31 Mg alloy and predict the
strains and extrusion forces during ES process.

Table 1 Simulation and experimental parameters

Channel angle (deg) 120, 135
Billet length (mm) 260
Billet diameter (mm) 80
Container insider diameter (mm) 82
Container outside diameter (mm) 84
Die bearing length (mm) 5
Extrusion ratio 12
Ram speed (mm/s) 20
Friction factor of the container—billet interface 0.4
Friction factor between the billet and die 0.4
Heat transfer coefficient between tooling and 11

billet (N/°C s mm?)
Heat transfer coefficient between tooling/billet 0.02

and air (N/°C s mm?)
Total number of elements for billet 20,000
Mesh density type Relative
Starting step number -1
Number of simulation steps 500
Step increment to save 1
Maximum stroke per step 0.1
Master—slave die Die-billet
Master—slave die Ram-billet
Relative interference depth 0.7

The two geometric models for ES dies have been construct-
ed in UG software which is meshed and simulated in DE-
FORM™-3D code. The effects of different die geometries on
the strain and stress distributions and deformation inhomoge-
neity during ES have been investigated. Because the micro-
structure evolution and mechanical properties of deformed
material are directly related to the behavior of plastic defor-
mations, the understanding of the phenomenon associated
with the strain development is very important for ES process.
Distributions of effective stress and strain, influences of chan-
nel angles on the plastic deformation in different zones and
flow homogeneity, and maximum strain have been discussed
in detail. Experiments for two ES dies with different channel
angles have been done to validate the simulation results.

Fig.2 Schematic diagrams of the

three-dimensional FEM modeling

for ES die
Punch
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2 Simulation details

The geometries of die and billet and punch used in the simu-
lations are shown in Fig. 2, and channel angles of ES dies are
120° and 135°, respectively. The radius at the intersection of
the two channels is equal to 1 mm, and fillet radius is 3 mm in
the geometrical parameters of the ES dies, as can be seen in
Fig. 2. The diameter of billet is 80 mm and the diameter of rod
is 25 mm. The dimensions of channel diameters for simple
shear zone including both the inlet and outlet channels are the
same and equal to 25 mm.

Table 1 presents the dimensions, extrusion speed, and
temperature parameters used in FEM, which are identical to

Fig. 3 The material prosperities a

those applied in ES process experiments. The dies and press-
ing ram are an H13 tool-steel with the Young’s modulus and
temperature-dependent conduction on the temperature shown
in Fig. 3a, b. The Poisson’s ratio () is 0.3. Two distinct
geometric models with channel angles 120° and 135°
have been analyzed by numerical simulation to reveal
the deformation behaviors and their relationship with the
design configuration.

The AZ31 is considered as an isotropic elastic—plastic
material [19]. The flow stress curves measured in these tests
have been corrected and a set of flow stress—strain curves are
shown in Fig. 4 as examples. Material property parameters of
the AZ31 workpiece are listed in Table 2.

for H13 [18]: a H13 tool-steel
with the Young’s modulus; b
temperature-dependent thermal
conductivity
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Fig. 4 True stress/true strain curves of AZ31 obtained from compression
tests at 300 °C under different strain rates and corrected for deformation
heating during the testing

In this paper, the ambient temperature is set as 25 °C, and
preheated temperature of the ES die is 350 °C. The initial billet
temperature is chosen to be at a relatively high level 370 °C
without running the risk of reaching the press force limit
during experiments at high ram speeds. Heat transfer coeffi-
cient between tooling and billet is 11 N/°C s mm?, and the
value of heat transfer coefficients between tooling/billet and
air is 0.02 N/°C s mm?. The emissivity coefficients of the
AZ31 and H13 tool-steel are 0.12 and 0.7, respectively.

3 Experimental details

The ES extrusion ratio is 12. The billet material is the same as
the material which has been used in the compression tests and
numerical simulations. In order to validate the results of finite
element analysis, the ES dies with channel angles 120° and
135° have been designed and manufactured to perform the

Table 2 Physical properties of the AZ31 workpiece

Property AZ31
Heat transfer coefficient between tooling and billet 11

(N/°C s mm?)
Heat transfer coefficient between tooling/billet and air 0.02

(N/°C s mm?)
Poisson’s ratio 0.35
Coefficient of linear expansion 26.8E-6
Density 1,780 kg/m®
Poisson’s ratio 0.35
Young’s modulus 45,000 MPa
Emissivity 0.12

@ Springer

actual extrusion processes. The billets and ES dies in experi-
ments and simulations are identical. The die material, die
dimensions, billet dimensions, and extrusion conditions are
all the same as those used in numerical simulation as described
above. Before extrusion, the billets have been machined into
rods with diameter of 80 mm. Real ES process have been
carried out by employing a 500-MN press. ES process exper-
iments have been carried out with a resistance-heated contain-
er and a heater. The billet has been heated in an external
furnace up to 370 °C and moved into the ES die which has
been preheated to 350 °C. Ram speed is 20 mm/s during
experimental verification.

4 Results and discussions

4.1 The distributions of effective stress and strain during ES
process

Examination of the predicted strains provided quantita-
tive insight into the deformation behaviors of billet
during ES process [20]. Figure 5 shows the effective
strains contours of billets during ES process, which
could provide the important information regarding the
strains distributions. Figure 5a, b presents the distribu-
tions of the equivalent stress and strain for time 1.3 s
when the channel angles are 120° and 135°, respective-
ly. The effective stresses of the material are not even
seen from Fig. 5a, ¢, and the maximum effective stress
is about 165.6 MPa at time 2.5 s. It can be seen that
the stress distribution is very complicated, and there is
only compressive stress in the workpiece. The deforma-
tion of the initial extrusion is nonuniform, and the
highest stress (254.2 MPa) from Fig. 5b is located at
compression zone. Strains distributions are lamellar with
distinct deformation gradients in the deformation zone.
The deformation of this position is close to the simple
shear deformation.

The equivalent strains during ES process have been ana-
lyzed according to Fig. 6a, b which shows regional gradients
of strain distributions along the X-direction. The ranges of
effective strains are 0.044—1.78 and 0.044—1.649, respective-
ly. The maximum strains in the whole workpiece can be found
in the plastic deformation zone. The total effective strains in
the extruded workpieces after ES process have been given,
and the principle of ES process is to introduce compressive
and shear strain into the workpieces. The characters of ES
process are that the sample is subjected to direct extrusion and
twice shear deformation. The accumulative strain of ES pro-
cess can be expressed as Eq. (1) [21-24] which include
accumulative strains of direct extrusion and two continuous
shears steps.
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Fig. 5 The distributions of equivalent stresses distribution: a extrusion time 1.3 s for ES die with channel angle 120° and b 135°; ¢ extrusion time 2.5 s

for ES die with channel angle 120° and d 135°
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(1)

Where ¢ is the accumulative strain, A the extrusion ratio the
inner channel angle, and ¥ the outer channel angle.
According to Eq. (1), the cumulative effective strain is a
function of die structure parameters. The average effective
strain after direct extrusion in the steady-state strain region is
approximately 2.48. After two steps simple shears, the cumu-
lative effective strains of ES process for channel angles 120°
and 135° of ES dies are 5.6 and 4.7, respectively. The strains
caused by ES die with channel angle 120° are much higher
than which caused by ES die with channel angle 135°. Chan-
nel angles of ES die have important effects on the deformation
of the workpieces. Figure 7 shows the maximum and mini-
mum effective strains with different channel angles. The max-
imum effective strains of billets in the workpiece decrease

relatively with the increase of channel angle during ES ac-
cording to cumulative maximum strains calculated by Eq. (1).
From the results of simulation and theoretical calculation, the
cumulative maximum strains caused by the ES die with chan-
nel angle of 120° are higher than those of the die with angle
135°. In order to improve the efficiency of accumulative
deformation, ES die with channel angle 120° should be adopt.
To decrease the resistance forces of ES process, the optimized
channel angle is 135°.

4.2 The homogeneity of metal flow influenced by the channel
angles

Optimization of the metal flow is very important which could
increase the formability of metal and eliminate defects. The
nonhomogeneous metal flow at the die exit causes the extru-
sion defects such as cracks on surface of the extrusion product.
Many factors may influence the metal flow; among which, the
die structure is closely related to nonhomogeneity of metal

@ Springer
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Fig. 6 The distributions of equivalent strains distribution: a extrusion time 1.3 s for ES die with channel angle 120° and b 135°; ¢ extrusion time 2.5 s for

ES die with channel angle 120° and d 135°

flow. To research the nonhomogeneity of metal flow influ-
enced by the channel angles, some investigated points (p; to
P20 shown in Fig. 8a) distributing along the radius direction at
the die exit are chosen. Flow velocities along extrusion direc-
tion at the die exit with different channel angles at extrusion
time 2.174 s have been illustrated in Fig. 8b.

In order to investigate the effects of die angles on homo-
geneity of metal flow, the mean square deviation of velocity is
considered as the objective function, which is defined as
Eq. [25] (2).

N

Z (Ux,i_vx,av) :

yb=\=2+t— 2
= @

@ Springer

where N equals 20 and i, v, ;, and vy, are the investigated
point number, axial velocity of the points, and the mean axial
velocity of the points, respectively.

The optimization object is to minimize the mean square
deviation of velocity. In order to investigate and estimate the
metal flow velocity completely and accurately, the velocity of
the X and Y directions of the points shown in Fig. 8b with the
channel angles 120° and 135° at the ES die exit is shown. It is
clear that the ES die with channel angle 135° would cause the
bigger velocity along the X-direction, and the velocities
along the Y direction are lower. So the ES die with 135°
channel angle could improve the forming efficiency and
straight of rods.

The mean square deviation of velocities at the extrusion die
exit for ES dies with channel angles 120° and 135° is shown in
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Fig. 7 The maximum and minimum strains curves under the conditions
of ES dies with channel angles 120° and 135°

Fig. 8¢ when the extrusion steps of the top die are 100, 150,
and 200, respectively. The comparisons of the mean square
deviations for the X-axial velocity indicate that the metal flow
at the die exit with the die angle 120° is more nonhomoge-
neous during whole ES process. The flow velocity at the die
exit with the channel angle 120° of each point is approximate,
and the discrepancy of the mean square deviation of velocity
is not much, which indicates that the employment of the
channel angle 120° increases the metal flow homogeneity
and decreases the generation of defects such as cracks caused
by the flow velocity nonhomogeneity comparing with the
channel angle 135°.

4.3 The curves of load and stroke with different channel
angles in the ES die

The required forces varying with time for different ES dies
with channel angles 120° and 135° are described in Fig. 3. The
values for maximum extrusion forces are obtained from the
finite element simulation. From Fig. 9, the extrusion load
curve can be divided into three stages: the extrusion upsetting
stage and the direction extrusion stage and continuous shears.
At the initial stage, the load increases slowly during upsetting
phase. The billet is subjected to severe plastic deformation.
The load increases greatly to the maximum load, this stage is
not steady. But the load increases rapidly due to the work
hardening which resulted from the continuous accumulation
of dislocations. The increments of force become slow after
1.5 s and the force curves are almost parallel with each other
and ES process is steady. During the third phase, the load
oscillates about an average value about 1.6 and 1.4 MN for
channel angles 120° and 135°, respectively. The values of
extrusion forces are varying periodically. The load-stroke
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curves could exhibit the characteristic of strain softening with
a peak stress to a steady-state regime, which is a typical
phenomenon caused by the dynamic recovery or recrystalli-
zation [26-28]. Influences of channel angles are analyzed by
numerical simulation, which indicated that peak value of
load increase when channel angle decreases in a near
proportional relation. It should be noted that in this
condition, specimen is often contacted with all the parts
of the inner walls of ES die [29].

4.4 The analysis of microstructures evolution with different
channel angles

Optical microstructures for ES processes with different chan-
nel angles 120° and 135° are shown in Fig. 10. There are even
equiaxed grains with an average grain size of 20 um in ES hot-
extruded rods as shown in Fig. 10a, which indicate that
intensive and dynamic recrystallization (DRX) has taken
place during ES process when the preheated temperature of
billet is 370 °C. After the hot ES process, grains are refined
and more homogenous. But in Fig. 10b, there are many
original grains and the sizes are more than 60 pm, the alloy
grains are effectively refined by DRX [30-33]. It could be
found that some tiny subgrains appear around the original
coarse grains, and finer grains appear for the processing in
the ES die with channel angle 120° than which caused by
channel angle 135° die.

The DRX is a function of strain, strain rate, temperature,
and initial grain size, which change in time. The Avrami
equation [34] is used to describe the relationship between
the DRXed fraction X and the effective strain.

_ ka
Xdrex = liexp lﬂd (m> ] (3)

€05
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Fig. 10 Typical microstructures of extruded AZ31 Mg alloy: a ES die
with channel angle 120°; b ES die with channel angle 135°

From Eq. (3), the DRXed fraction X increases with the
effective strain increasing. It can be concluded that the DRXed
fraction caused by ES die with angle 120° is much more than
that induced by ES die with angle 135° as higher strains are
produced by the former than the latter. It can be found that the
accumulative strain increases with the extrusion advancing, so
the grains will be refined consequently [35]. The principle of
the ES process is to introduce compressive and accumulated
shear strain into the sample. The character of the ES process is
that the sample is subjected to twice shear deformation.

5 Conclusions

1. A FEM simulation and experiments of as-cast AZ31 Mg
alloy billets subjected to ES process with channel angles
120° and 135° at 370 °C have been carried out success-
fully. Numerical simulation and experiments have helped
in a big way understand the deformation behavior of
AZ31 Mg alloy during ES process. The importance of
channel angles has been realized in this study. It is found
that the equivalent strains during the whole ES process
decreased by increasing channel angle of ES die.

2. Deformation heterogeneity of billet during ES has been
analyzed, which reveals the insufficiency of the previous
2D FEM model. The smaller channel angle could improve
the deformation inhomogeneity, but reduces ES extrusion
efficiency.
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